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FOREWORD

This report was prepared in the Mechanics and Surface Interactions
Branch (AFWAL/MLBM), Nonmetallic Materials Division, Materials Laboratory,
Air Force Wright Aeronautical Laboratories, Wright-Patterson Air Force
Base, Ohio. The work was performed under the support of Project Number
2307, "Nonmetallic Structural ftaterials", Task Number 2307P2, “Composite
Materials and Mechanics Technology".

In this report, an automated composite laminate sizing technique is
presented, which optimizes for minimum weight. The technique can be
coded for a microcomputer, and a listing in BASIC is given for an Epson
HX-20 microcomputer. The program is inieractive and easy to use. The
optimization is for point stress under multiple loads.

The program is available on an audio cassette, and can be obtained
by sending a blank tape to AFWAL/MLBM, Wright-Patterson AFB, Ohio 45433
and referencing this report.
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SECTION I
PROGRAM DESCRIPTION

CLASS (Composite Laminate Automated Sizing for Strength) is an
interactive optimization program designed to run on a small microcomputer.
The listing presented here is for an Epson HX-20 portable computer with
16K of memory. The version of Basic is standard enough that translations
to other microcomputers would be easy.

The program will find a minimum thickness laminate which will not
fail under any of the load conditions entered. Ply orientations are
chosen by the user. The program's capability in handling multiple,
independent loads could be useful for loads which change with time or
position on a constant thickness plate, or for situations where there is
uncertainty in calculating the loads. As the program is currently
dimensioned, four independent load combinations and 6-ply orientations
can be entered.

Only point stresses are considered, thus the program optimizes the
laminate only at one point in the structure. Furthermore, the program
assuems 1--plane loads only and no out-of-plane deflections. This implies
a symmetric laminate, but stacking sequence is not a factor in the
program. The layer thicknesses generated by the program are the total
and must be divided by 2 to get the halves of a symmetric laminate.

No knowledge of optimization techniques is needed to run the program
and very little knowledge of laminate plate theory is needed. In
addition, material properties for five common advanced composites are
stored in the program, or the computer can ask for new properties through
prompts,




AFWAL -TR-83-4061

SECTION I1

4 GENERAL INSTRUCTIONS

» The program can be entered by hand from the 1isting given, or by an
‘ audio cassette tape available from AFWAL/MLBM. If entered by hand,
material properties can be loaded by running the program and using the
“NEW" material option. To load the tape, simply hook-up to cassette as
shown in the Epson instruction manual, and enter LOAD "CLASS", R. The
k. "R* is needed to automatically start a part of the program which in turn
loads the material properties from the tape. Material properties are
stored in the Epson's "Ram File" feature which allows the machine to be
turned off without losing data.

4 o M

. Running the program on another computer should be possible if 13K
%} of memory is available. The commands most 1ikely to need changing are
o PUTX and GETX used for the Epson's Ram File operations. Equivalent disk
y commands or data statements can be used instead.

When running, the program prompts the user for input information.
An example dialogue between computer and user is given below along with
the printed output generated.
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SECTION III

COMPUTER/USER DIALOGUE

LCD Display

Press any key when desired
Material appears

T300/5208
B(4)/5505
AS/3501
Scotchply 1002
Kevlar 49/Epoxy
Aluminum

New

REVIEW OR NEW DATA (R/N) ?

WHICH MATERIAL WILL YOU
REPLACE (0-5) ?

]
LV]

EX (GPa)
EY (GPa)
VX = ?
ES (GPa)
X(MPa) = ?
X' (MPa) = ?

1
V)

il
-~

Y (MPa) = ?
Y'(MPa) = ?
S(Mpa) = ?

THICKNESS (m.) = ?
NAME (15 CHR MAX) ?

ADDITIONAL CHANGES ?

Keyboard Response
(comments in parenthesis)

RUN RETURN (unless otherwise
noted, "Return" keyv pressed
after each keyboard entry)

(random key pressed when
"New" appears on screen)

N

(materialz numbered in same
order as listed T300/5208=0)
185
6.76
.2
5.86
680

690
(primed constants imply
compressive properties)

16
186
72

125E-6 (ply thickness)

HMS/3002M
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LCD Display

ENTER PLY GROUP

; ORIENTATIONS
i PLY 1 = ?
i PLY 2 = ?
PLY 3 = ?

PLY 4 = ?

LOAD 1 in MPa

3 Nl = ?
N2 = ?
A N6 = 2

LOAD 2 in MPa

Nl = ?
N2 = ?
N6 = ?

WORKING ITERATION 1

TOTAL THICKNESS =

1,71342 E-02 m.
137.07 PLIES

result is desired.
not

HOW MANY PLY GROUPS ?

ENTER NUMBER OF INDEPEN-
DENT LOADING CONDITIONS ?

HIT ANY KEY TO CONTINUE

Press Y if printout of displayed

Press N if

Keyboard Response
(comments in parenthesis)

(Materials list begins again,
this time with the new material
replacing aluminum, when it
appears a key is pressed)

4

90
45
-45

4
0

(after 4 iterations and about
7 minutes the computer beeps
that the solution has been
found. This example ran for
an unusually long time. Most
problems will run in less time)

(press any key, no return)
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g J 8% OO RS
Mat ProrFerties
- 4 HMS /358214
" Ex= 135 GPa

EY= 6. 76 GFPa
ES= S. 86 GPa

U= . 2

i ¥= 6894 MPa
% X'= 698 MPa3
AN Y= 1€ MPa
g Y= 186 MPa

' S= 7?2 MPa
1 Ply Thickness . Q00125 m

LOADING 1

N 1= 3 MNm
H 2= 2 MN-m
N E= .5 MN-m
LORDING 2

M 1= 1 MN/m
H 2= 4 MH-m

i H &= 3 MH/m
H Total thicknesss=s
= «BITIE+DSD m,
A IT.87 FPlies
» RHELE  FATIO  #PLIES
e ) L3476 47,65
B 20 L5231 72035
it 45 L1243 17,64
-45 @ 9
k.. ! STRENGTH RATIOS
b ‘ 1=ULTIMRTE STRAIN
£ ! »1 15 SHFE
o LOADING 1
FL
, fa 1. 1622
3 Ele) 1
' 45 1. 1516
LOADING 2
LY
=) 1. BES4
A 1. 2115
45 1. 0122

. LAMINATE STRAIHE
- LOADING 1

' ei=+2, 152E-07

el=+3, 9O2E-A2

eh=+1, OFEE-9T
LOHDING 2

e1=+@, ¢ATE-03

al=+2, 216E-07

e6=-1, 467E-03

Norm. [R| in GPa.
T L] L] L
74,759 £,511] 5.549

!
% . :
I £ 5111106,963| 5,543
: R
! . 342 11.@17

Compliance <(normalized)
in 1/TPa.

r T L]

| 13,9221 —@.497] -6, 762
L L T :
| -0.497) 9.617| -4.594
- + —
| -6.762| -4.594] 96,490

¥APly Ratic Grarh¥¥
AMGLE

+0 I
+50 IS
+45 1B

FLY RATIO

Figure 1. Output Produced from Example Input Dialogue
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LCS Display

PLY PROPERTIES

W g

LOADS

ié : TOTAL THICKNESS &
, PLY RATIOS

STRENGTH

LAMINATE STRAINS
STIFFNESS MATRIX

COMPLIANCE MATRIX

PLY RATIO GRAPH

FINISHED
- HIT ANY KEY TO
1 CONTINUE

8 it

Keyboard Response
(comments in parenthesis)

Y (return key not
used for these responses)

Y

I T T

Y

Y
(after entire list of print-
out options is presented,
computer produces the print-
out shown on next page)

(pressing a key restarts
program. Press "BREAK"
key to exit).
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SECTION IV
METHOD

The goal is to minimize the total thickness of a composite laminate
subject to failure constraints under static loads. Specifically,

m
l}:| h, =min where m=number of ply groups
H

subject to h1 >0

(6;) (L) (L) (85) (L)

and GJ.k1 e + 6, e, - 1 < 0 where h; is the total

i fk i 5

thickness of all the plies at the kth orientation (which will be referred
to as a "layer" in this report). The failure criteria is a first ply
failure based on the Tsai-Wu tensor criteria in strain space. The G's
are transformed to the laminate axis from the ith layer's orientation.
The strains are associated with the Lth loading combination. This
distinction is made since more than one independent loading may be con-
sidered. For the definition of the G's in terms of experimental strength
data, see Reference 1.

Stacking sequence is not included in this formulation, and the
laminate is assumed not to bend or warp. Therefore, strains and loads
are related by

NzlAle

The optimization method applied is a modification of the method of
feasible directions (Reference 2). The method can be demonstrated
graphically with two-dimensions, i.e. two layers. In Figure 2 the two
equalities

(0) (0)

Gu'tﬁ*“a‘f”'o

(90) (90)
Gu ‘1‘)+°l

ﬂ-—ItO
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have been ploted as functions of h[o] and h[9°] for the single loading
condition shown. Any point above and to the right of these two curves
is feasible, that is, failure will not occur. Points to the left and
below the curves are infeasible. Because our objective function (the
sum of the layer thicknesses) is linear, the optimum point will 1ie on
one of these curves or the intersection of multiple curves.

Ny = 2x I06N/m
Na= 1| x I0SN/m
N‘= (o]

90°PLY FAILURE

(mm)

h‘ 90)

hm(mm)

Figure 2. Constraint Surfaces and Optimization Trajectory for 0/90
Under Biaxial Load
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The program starts by finding an initial feasible point (A) which
lies on a constraint curve farthest from the origin on the line
h[9°] = h[°]. The distance from the origin is calculated using a strain
ratio method. Along any vector which passes through the origin, new ply
group thickness coordinates are scaled by

h=h-s/s°

where § is a scalar distance, h? are the coordinates of the current point
and

sog[gl (hc;)z] va

Along this vector, strain can be found using

where e? is a component of laminate strain evaluated at So' Substituting
into the failure criteria we have

G(jg,)‘t; ‘1 o2 & @ &
502 + soz %0

To ensure the calculated point lies slightly in the feasible region
despite any numerical error, the program sets this function equal to the
negative of a small number (el) rather than zero. Solving this equation
for positive S we have

g =B +/(8%- 4aC)

2A
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where

A"-.'

B: i-s‘a‘)c" s°
=t 1
. 2 (aﬂ 2
c 14:_‘ El G, S

If S° lies in the feasible region we solve the above equation for each
layer and each load combination, and then take the smallest resulting S
as the one that defines the boundary of the feasible region.

The next step in the optimization procedure is to establish a
direction vector which will point away from the constraint, point A lies
on and is parallel to the plane defined by xh = constant. In Figure 2,
this direction is shown as Z. Finding 1 first requires calculation of
the gradient of the active constraint evaluated at A. Let

c (9,,’ L w @ ()
pL*® ik Y4 +G,' Y% -

where k and N correspond to the layer and load combination of the active
constraint. A constraint is considered active if

cpoL Z - .l

where e, is a small number. Note, that more than one constraint may be
active. The gradient is then given by

m (Op) ot (L) W Oc:u (8p )GG“', .
p.L,Z:.“‘x- Fru U B T dn, M

where 51 is a unit vector. To find the partials of strain, we start
with the basic equation

N=IAl €
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O:-—- .d_
d'"lAlc +Aal

-

€ 1219
on, -lA l0| Ial €

and

[ (@) (81 (8]

Q, Q3 Q3
9 1.l 180 @0 @i}, (8
ohy Al H°21 Qpp Qo3| (9]

@n (& (9
P %3 %;
)

The gradient vector is normalized to unit length. If more than one
constraint is active, the normalized gradients are summed together and
the sum is then normalized to one. The negative of the gradient will
point away from the constraint, into the feasible region. This vector
is now projected onto the plane defined by the unit normal n, where

nsﬁg%

The projection can be made with a douvhle cross product
-iSﬁ x(-ﬁc xn)

With a vector identify, this can be rewritten as
Z=(Ve-hh-Ve

>
Finally, Z is also normalized to unit length.
-+
Along Z, another constraint will eventually be reached (point B in

Figure 2). The point is found iteratively by a bisection technique.
Since the bisection method is very time consuming, the constraint line
is only found within a relatively large error band. What we are really
interested in is a point approximately midway between A and B, which is
C in the figure. From point C, the strain ratio technique is used to

N
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analytically calculate D. Starting at D, the entire procedure repeats.
The program terminates when the distance AB or CD is small (say 1/10 a
ply thickness) or the magnitude of 7 before normalization is very small
(implying n and ;c are almost parallel).

In some cases, hk > 0 constraint may be reached. When this happens,
that orientation is completely dropped from further calculations. Thus,
the constraints associated with a zero thickness layer cannot effect the
results. Once an orientation reaches zero thickness, it is never
reinstated in later iterations.

Figure 1 shows a case where the program reaches the intersection of
two constraints. However, simultaneous failure should not be considered
a criteria for optimization. Figure 3 shows a case where only one layer
approaches failure. The constraint line for the +45° layer is
completely in the infeasible region. The line h[45] + h['45] = constant
has been included to show that point D is the minimum thickness.

5~
45° PLY -45°PLY FAILURE
FAILURE
4
. N, =0
\\ Nz =0
3k \
- Ng22x ION/m
[
£
§ 2r
‘e
'r
] 1 1 1 ’E
! 2 3 4 5 ‘b,b'

Figure 3. Constraint Surfaces and Optimization Trajectory for + 45
Laminate Under Pure Shear

12
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| ‘ APPENDIX
- FLOW CHART
‘A _.ﬂ
4 |
i CALLED FROM MAIN UTILITY ROUTINES
g G| l
s/ T |
2 ROPERTY
‘ NEW MATERIAL? " PROMPTS | |
@ . [T inwvARIENTS |
3 J TRANSFORMATIONS ] :
3 P———'—"l‘ FORM Ah. Az |
: INITIAL | , i
: POINT -————l-—r STRAIN RATIOS |}
~—+FCONSTRAINT TEST |
NEY \ GRADIENT B
DIRECTION ‘ | FORM Ah, Az |
y !

fe————>{___FIND STRAINS ]
NEW fe—————f—>{__CONSTRAINT TEST ]

H VECTOR ————=1___FORM Ah._A7 ]

N.__T_.{ STRAIN RATIOS |
|
|
|
I

MINIEIA OR |

: [TERATION

| URIT
REACHED?

NO

YES

OUTPUT I
ROUTINES I

15
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18 *¥x MAIN CLASSk¥

20 CLEMR 75,336

I9 WIDTH 21,5

49 DEFFIL 55,0

S@ DEFIMT [-P:DEFDEL F
362, 0(3,3),6¢3:37: #NC(4, 3
Y, A1¢(3,3),0(3 23, H(6) . R
32,52, TCED yULSI, LICFH, X
(6):Y¥(3).2¢62,E(4,3)

78 DIM CxC10,2)

20 CEF FNDEG(X)=X#S7, 295

=]

@ DEF FHRAD(X)=K/ 57, 295
7S

185 REZTORE

118 FEAD IMAX,E2.ES.E6
129 ITER=1

138 50SUB 2548

143 PRINT"CORRECTIONS":1
NPUT "i%sH)"sng

156 IF A$="%" THEN 128
155 CLZ: PRINT"WORKIHG":
PRINT" ITERATION"; ITER
17@ GOsSUR 2994

158 GOTUB 233

126 30U 2194

209 3028 15683

25 CLZ: PRIMT"WORKING":
FRINT"ITERATION"S ITER
219 IF F#="FalIl" THEN 33
i

229 GOSUB 13I7@

27@ ITER=ITER+!

249 IF F2="FAIL" OR ITER
»IMAax THEN 33048

259 5070 206

3o,

262 Tk% COMSTRRINT TEST#
¥
270 GE="PASS": NC=i

739 FOR P=1 TO HPLY

292 IF H(P»=a THEN 445
a3 I1=F 1GOZUB 12309

213 FOF H=1 TO HNL

328 FCOM=-1

9 FOR K=1 TO 3

340 FOR J=1 TO 3

352 FCOM=FCON+G(K, J2*ECN
s IIRE(N, KD

268 NEXT J

I7R FCOH=FCOQN+S(KI¥E/N, K
N

T8 MNEXT K

399 1IF FCON>O THEN G$="F
AIL": FETURM

409 IF FCON{-ES THEM 440
419 HC=HC+1

420 C%HC,1)>=P

438 C%HC, 2)=N

442 HEXT N

445 NEXT P

453 RETURN

Comments
20-40 commands to configure the
machine
50 Implicit integer and double

precision

80~90 convert radians to degrees
and degrees to radians

130 - Gosub input

170 - Gosub invariants

180 - Gosub transformations

190 - Gosub initial feasible pt.
200 - Gosub direction

220 - Gosub new thickness

290 ~ if ply thickness zero,
ignore constraint

300 - Get G matrix for ply being
tested

320 - 380 Solve FCON =

Gijeiej + Giei -1

410 - 430 If FCON is close to
zero identify constraint as
active, make list in C% and in-
crement constraint counter
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450 ¥k GRACIEMT *¥

475 UNDRM=@

430 11=P: GOSUB 127A
496 FOR L=1 7O NPLY

S99 IF HCL»=0 THEN 7O
S19 I1=L: GUSUB 1120

520 FOR J=1 TO 3

529 R¢I>=9

S48 FOR K=1 TQ 3

SSA RCII=ROIY-QCT KI»E(N
sk

S€0 HEXT K,J

S7e FOR J=1 TO 3

539 Y(JI =4

539 FOR K=1 TO 3

600 V(I LI+AT (T KD RRC
K>

€19 MEXT K»J

629 Z<(L»=a

626 FOR J=1 TO0 3

€49 FOF K=1 TO 3

650 ZCL3=2CLY4GCT, K ak(Y(
IDAECNL ED+ECH, JYRY (KD )
€50 MEXT K

E70 ZCLa=ZCL+80 ey (I
€238 HEXT J

530 UNORM=UNORM+2Z (L 2% 2L
?

T HEXT L

712 UNOEM=S0F CUNORM >

720 FOR L=} TO NPLY

T30 ZCLr=20L ) AUNORM

749 HEXT L

7R RETURN

TERA 2w STREIHS %k

a oI FOX, 3

@ FOR I=1 7O 3

a FOR J=1 70 32

B FCLD=ACd, DAL D

ara HENT T, 1

230 DETH=F (1. 1)%F (2.2 4F
(2, 3040%F (Y, 204F (2, 3¥F(
1:30-F 2, 20%F71,3)%F{1,3
Y-FCL, 1D%F (2, 3)¥F (2. 3)~F
(Z.30%FV 1, 204FCL, 20

240 AT, 1D=(F(2.2Y%F (I,
To-FL2,F(2Z.O/0ETH
250 Al2,2)=(F(1,1)#F (3,
-FAL IR, 3D /LETH
260 Al(1,2)=iF(1,30%F(2,
Jr-FLL 2% (T, 320 70ETH
270 AI(S, 0={F{1, 1 %F(2,
2)-FCL1. 2)%F (1, 2))/DETH
239 AT, T)=(F (1, 2)4F(2,
Tr=FC2,22%F (1,33 /DETH
299 AlZ,3)=(F{1,2)¥F (],
I3=FCL, 12, 305 0ETH
A Al 10=RI(1,29A1C(3
y2)=A1(, 3 AICT, 1=/
'3

210 EPRSE F

929 FOR I=1 TO HNL

920 FOR J=1 TO 3

249 E(1,J>=0

959 FOR ¥=1 TO 3

260 ECL, D=ECL, I)+RICT, K
YESHCT, KD

970 HEXT K, J» 1

930 RETURN

480 - Get G matrix for designated
Ply

510 - For each ply, get Q matrix

> _ 3__ ->
540 - 560 R = - o= A
> -1 >
580 - 610 Y = |A 7| R
] ->
Y= —— ¢
3h
_ - 9ej
620 - 680 ¢ (FCON) [Gij(ei h
dei dei ~
+ €.} + G. ( )] hk
ahk j i ahk

690 - 730 Normalize V(FCON)

790 - 820 "F" is the A matrix
corresponding to a point S
along the 2 vector

830 - 900 invert A

920 - 570 solve Z=|A‘1| N for
each independent loading

17
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998 ¥k A MATRIX %%

1800 Fgg I= 1 0 3

1010 J=1 10 3 . ,
O P Tom01 oI, 1y=0 1000 - 1100 The matrix D is
1930 NEXT J, 1 formed so that along the Z vector
: 1849 F?R I=1 TO NPLY .

- 1059 11=1: GOSUB 1120 = .

196@ FOR J=1 TO 3 |al = {a] + |p| - s

k 1670 FOR K=1 TO 3 _

& 1959 AT, KI=ACT, KD +QCT, K where S is a scalar

. YAH 1)

] 1999 DCT,KI=DCT, K)+2CT, K

»¥2¢1)

9 1199 NEXT K, J,1

. 1112 RETURN

: 1123 7 %% FORM Q %k

A 1133 0. 1=CI, 1) .

F 1146 0<1.,2>=CCI, 35 1130 - 1210 Convert C array into
1158 Qcl.T)=CC11,5) 3 x 3 Q0 matrix for ply designated
1178 Q(3, =015 by II

x 1189 {3, 2>=CCIl,6>
k- 11960 I, 3=CC11,4)
4 1195 Q{2,3)=C(11,86)
E 1268 QC2,2>=C(11,2)
i 1210 @2, 1)=C<IIL 30
A 1220 RETLURN

9 123 * 4% FORM § %k 1240 - 1350 Convert B array into
: izgﬁ E(i’}‘::gﬁ%’_{z 3 x 3 G matrix for ply designated
1560 GC1,3O=BCI1.59 by II. Linear failure terms
1270 65¢2,1>=EC11.3) placed in vector S

¥ 1280 BE2.2)=BC1I, 2>
3 1290 G¢2,D=E¢11,6>
1280 6:3:1>=E¢11.5)
; ] 1318 Ge3,2¥=BC1I,67
: ] 1320 5¢Z,3=EC1I,4)
¢ 1370 SC1Y=0011,7)
1749 5(2)=B(11,8>
1354 S¢3>=B(11,9>
1263 RETURN

1378 *¥¥ NEW H VECTOR #%

1380 SMAX=1E10 . .

1333 FOR I=1 TO HPLY 1380 - 1420 Find distance along
1480 IF 2¢1><*3 THEM S=- Z to find h, = 0 constraint
HCIY 241D 1

1410 IF 5>@ AND S{SMAX T

HEN SMAN=

1420 MEXT 1 1450 - 1500 Bisection method to
5 1430 F="" find distance to next constraint.
g 1449 IF SMAM> 10 THEN F$ If no constraints violated at
. ="FAIL": RETURN S =

1450 S1=8¢ S2=SMAX: S=SM = SMAX then stop search

Al

1460 JF HC=@ THEN 1592
1470 GOSUB 779t GOSUE 26

a

1480 IF GE=“FAIL" THEN S
2=5 ELSE S1=§

1499 IF Si=SMAX THEM 153 |

-

1560 S=(S1+52)/2

1519 IF 52-31<E2 AND Si=
@ THEN F$="FAIL": 5=0: G
! 070 1659

i 1520 IF S1/¢S2-S1><4 THE
- N 1479

18
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1538 $=S5/2

1535 SKREF=0

1546 FOR I=1 TO NPLY
1558 HCID=H(I)>+Z2¢1 %5
1560 IF HCIX<EZ THEN H(I
=06

1578 SREF=SREF+H(IY*HC(I)
1538 NEXT 1

1520 S=0:SREF=SOR(SREF)
1600 GOSUB 259@: GOSUB 77
@: GOSUB 2029

1518 1F SREF-SCE2 THEN F
F="FRIL"

1620 FOR I=1 TO MPLY
1638 HCIY=H{I)*S/SPEF
1648 NEXT 1

1€50 S=8

16608 G0OSUB 99@: GOSUE 77
a: GOSUB 269

1679 RETURNM

1620 *#% DIRECTION %%
1€9a Z=8: LUNORM=1

1702 FOR I=1 TO HPLY
1v1a X<I)r=a

1728 Z=Z+SGHCH(ID)

1728 NEXT I

1798 Z2=1/8QR(D)

1758 IF NHC=G THEN 1364
1768 FOR I=1 TO NC

1778 P=Cx(I,1)>s MN=Cx(I,2

32 GOSUE 466

99 FOR J=1 TO NPLY

@8 LET S¥CTd=sH(T»-2CT
1319 NEK, T, 1

1215 UHORM=3

1829 FOR J=1 TO NPLY
1338 UMDRM=UHIRM+X (II¥E(

1342 NEXT J
1850 UNORM=SORCUMORIM): T

1860 FOR I=1 TO HPLY

1872 R(IH)=K{1 ) UHORM

1238 TEST=TEST+X(IM4I%55

NCHCDD )

1898 NEXT I

1968 UNORM=0

1918 FOR I=1 TO HNPLY

1920 Z(10=KCI>-TEST*Z*SG

NCHCID) )

%939 UNORM=UINQRM+2Z C 1> #%Z(
)

1948 NEXT I

1950 IF UNORM{1E-6 THEN

E§="FQIL"= RETURN ELSE
1960 UNORM=SQOR (LINORM)
1976 FOR I=1 TO MPLY
1930 2<I)=2(1>/UNORM
1999 NEXT 1

2008 30SUB 990

2019 RETURN

1530 - 1600 at point halfway
between constraints, use strain
ratio routine to find how much
the laminate thickness can be
reduced

1610 If change in thickness
small, set flag to halt program

1620 - 1660 Update h vector, A
matrix, strains

1760 - 1840 For each active
constraint call gradient sub-
routine. Sum negative of each
gradient into X and normalize X

1860 - 1890 Take dot product of
X and unit normal to Ihi = const.
plane

1910 - 1940 2 is a vector parallel
to the rhi = const. plane and
pointing away from the active
constraints

1950 if the magnitude of z
is very small, a local minima has
been reached
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2020 *#x STRAIN RATIOC **
2030 FOR P=1 TO HPLY
2846 IF H(F)=0 THEN 2148
2650 11=P: GOSUB 1236
2060 FOR N=1 TO NL

2078 B#=0:C#=0

20888 FOR I=1 T0 3

209 FOR J={ TO 3

2180 C#=CH-SREF*SREF¥*G(I
» JIXECN: TYRECN, I3

2118 NERT J

2%28 E#=E#-SREF¥*S(IM¥ECN
» I

2138 NEXT 1

2148 SUARL=(-EB#+SOR (B#¥B
#-4*CR¥(1-EED D)/ (2% (1-E6

2159 IF SUAL>S THEM S=2y

2155 NEXT N
2169 NEXT P
2129 RETURN
2198 %k IFP %%
2208 Z=1-S0RCHPLY)
2216 FOR I=1 TO HWPLVY
2226 Z1y=2: H(l)=Z
2238 HEXT I
2240 B0SUR 999
2256 S=0: SREF=1
%266 GOSUB 77@: GOsSUB 2
(5]
2270 FOR I=1 TO NPLY
2288 HCIY=H(])%S
290 MEXT 1
2362 S=8
2310 GOSUR 299: GOSUB 77
Q: GOsUE 268
2320 RETURN
Z336 4% TRANSFORM *¥
2349 FOR I=1 TO NPLY
2258 C2=C0S(2¢T(I)»: Cd=
COSCH4TCId)
276 SZ=SIN(2HT(I) )t S4=
SIMNCG*TCI))D
2378 BCI, 10=UCi)+C2¥I(2)
+CPHY(SD
380 B(I,2)=UC1)~C2%YC2)
+C4FU( T
2329 BSCI:30=UC4)-CA%YCT)
2488 B(1.45=L(S)-Ca%{T)
2419 B{I,S)=52/,2%YC2)+54
*ICIY
2428 B(1,6)=52-2%Y02)-54
# U3
2439 BCI,?)=UCEY4CIYICTY
2349 BCL, 8)=UCE)~C2RU(T)
2459 B(I.9)Y=5245(7 )
2460 CC1, 1)=0C1)+C2%UC2)
+CARICD
2470 CCL.20=UC1)~CoxI(2>
+CIXY(3)
24898 C(I,3)=L1(4)~C4%U(3)
2498 C<I,4)=UCS)~Cax3)
2500 C(I,5)=52/2%U2)+84
*C3)
2510 C(1:6)=S2/2%U(2)~C4
LTI D]
2520 NEXT 1
2%38 RETURN

2030 - 2140 For each possible
constraint solve for S in

2
. (SREF) (SREF)
Ci5€i%y 2 + Gjey g

-1 = -E6

2150 Take smallest value
(corresponds to closest constraint)

2200 - 2310 For equal ply ratios,
find the smallest laminate thick-
ness which does not violate any
constraints. Initialize A matrix,
strains, and constraint list

2370 - 2450 Transform failure
parameters in following order

B(I.l)=G1 B(I,5)=Gl

1 6
B(I,2)=G22 B(I,6)=G26
B(I,3)=G12 B(I,7)=Gl
B(I,4)=G66 B(I,8)=GZ

B(I,9)=G,

2460 - 2510 Transform modulus
in following order

C(I,L)"sz C(I'6)=026
C(I.3)=le

20
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2548 T kkk IMFUT #%#

2558 CLS

Zewd PRINT “"PRESS wNY KE
Y UHEH":PRINT"DESIRED MA
TERIAL " :PRINT"APFENRS"
2613 FOR K=t TO 75@: NEX
T

2620 FOR M=0 TO 6

2649 1F M=6 THEN M&="HEW
MATERIAL" ELSE GETIM.EX
’ EV ’ U.\‘{ ] ES! TPLY’ XT ’ '\"T) K ‘3
YO, 55, M$

2658 CLSIPRINT M&: SOUNHD2
@1

2€50 FOR J=1 TO 280
2679 IF INKEY$<>"" THEN
270a

275 NEXT I, M

2E20 GOTO 2620

2708 IF M=o THEN GOsUE 3
e AT 2680

2705 CLEIPRINT "% “sMes ™

2718 PRINT “HQOW MAHY"
2728 IHPUT "pPLY GROUIPS":
HFLY

770 CLE: FPRINT"EMTER PL
Y GROUR

2740 PRINTCRIENTARTIONS"
2758 FOrR I=1 TO 208

T NEAT 1

oo CLs

2TE0 FOR I=t 10 MPLY
2790 PRINT “"FLY "3 1

200 THRUT T

S219 T -FHRFRDCTCDD)

o HE-T 1§

2570 PRINT"ENTER NUMBER
OF™

2840 FRINT "IHWDEPEMDENT
LRD"

2850 IMPUT "CONDITIOHS":
HL

2999 FOF I=1 TO NL

2216 CLS: FRINT "Load "3
It" in MFa, "

29720 INPUT “N1="3XNCI, 1)
2930 IMPUT "N2="3$xXHCT. 2D
Z294a THFRUT "Ne="3;XNCI.3)
2954 FoR J=1 TO0 3

2950 XKML Jr=mNCl, Tr¥iES
297A HEXT 1,1

2920 RETURN

o
’"3

2600 - 2675 List available
materials. Get% is an HX-20
command to get data from a non-
volatile RAM file

21
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2999 ’ak [NUARIENTS *x
36050 UV=1/01-UXKUXFKEYEX
3

T003 QXH=UYKEXKIES: QYY=

WHEYRTED

JOTE QRVSUYRUXREYKIES: Q

S=ES¥1ED

I230 U1 =(THROXXK+IROVY+2

AV RDS) AR

3939 UYL2H)=CQXY-AVY -2

3100 L{Gi=C@RH+QYY - 2RQRY

-4 N8

I11A W) =(RRN+QYY +ERTRY

—440% 5.8

7120 D(S)>=(QAA+QYY -4

+44QS) A3

3138 EN=IE-12/(XT#¥CO: E

Y=1E=-12-7(YTHYOYT ES=1E-~1

2-(55%35)

T148 Fu=sXT-17M0 ) 7 1EE:
F=(1-YT-1/-¥C)1ES

3156 ENV=-C0R (EX¥EYI-2

TR GRASEXKGRARGRNHZVER

WK G HEY SRR

179 FONV=ELRQRNEQNY +YEY

LRI E R

TIRE GV =ERERRRRGH Y +ERY K

I AGNY QRN D+ B RTY

:‘A Q IV "l

3136 5oS=ESHOSKAS

TIOR GNEFHEQNKHFYRQNY

T2168 GY=FYXREON+EYRRDYY

223 U= (TEEREAIHRYY2
Y +4 PSSR

230 WCDI=GER-GYY -2

240 U3 = (GRHAEYY -2wEHY

4555 3

I25G L4 )=(GXNRAEY oG

-4¥GFSC R

T26A UESYS(QEYABYY-2¥ G

+4¥G55

I270 WEI=(EEHEYI/Z

TIPSO WITI=(EY~GY)/2

32360 RETURN

3050 - 3280 Calculate invariants

for use in transformations. Note

that some variables like EX and

EY get reused, so their value may

not be what you might expect after
routine is called

22
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3 ! 3300 ok QUTPUT *x
3302 SOUND 15, 2: SOUNDSA,

2
N 3305 K$="Hit anv kew to
: : cont. ":LU$="MN-m"
oo 3319 CLS: TEST=0
Yo 3320 FOR I={ TO NPLY
- $339 TEST=TEST+HCI): NEX
- 1
: i 3356 PRINT "TOTAL THICKM
B 3 ESS="
. 3360 PRIMT TEST:" m.®
IZTA PRINT USING "###é, &
* Flies"tTEST/TPLY
309 FRINT K$:
?ZFB AaF=IHKEYS$: IF AsO"Y
THEN 23g@
3392 IF IMEEY$="" THEN 3
390
3430 CLS:PRINT"Prezs ¥ 1
f printout”, "of Jisplave
d result","is desired. P
ress H":"1f not"s
2418 FOR I= 1 TO 8pAtNEX
T1
3415 AT=INEEYS$: IF Afi>""
THEH 3415
3420 CLS: RESTORE =120

25 J=0rnt=THKEYS

0 FOR 1=} TD 8

1 READ AFICLEIFRINT:P

AFISOUND2A, 1

= 7445 ps=INKEYS IFAE="" T

3 HEHW 3445

‘ 4S5 PRINT AF:FOR KK=1

g : TO 7SMERT KK

| S455 IF aF="" THEN J=J+
1:050T-10=1

1 S48 MEXT 1

34€4 IF 1200 THEM LPRINT

STRINGS (24, "§">

’4‘“ FHR k 1 TQ J

1) GOSUE 56

4”09,4408 4

’449 NE T L
‘ 2495 CLS:PRINT"FINISHED"

KE
349 IF INKEVE=""THEN349 ]
, 6 ELSE RUN
1
B
L
K
1

23




4G9 *x PLY? RATIOX*®
4962 CLSILPRINT *Total t
hckness="

4009 LFRINT USING ". ###s
INA A m. n ; TEST

4905 LFRINT USING “###4.
#% Pliez"3TEST/TPLY

4007 LPRINT

4BE0 AF="AHGLE RATIO #
FLIES"

. L 434a LOCATE @, 1:PRINT A
g SLPRINT A%

. 4050 FOR I=1 TO HPLY
43E0 B=CINT(CFNDEG(T (I » )

B

N,

! +1ET) Y (1EZ
. U7 BE=CINTCCHODD ~TESTH1
. E415-164

oz C=CIHTOCHT 22 TRLY R
- Ezri-1E2

3 | 4093 FFINT Qs TRB(6IIEI TR
- BC130sC

4103 LFRPINT R3TABCE 3BT
ABCTIINGL

4128 HEXKT 1

- 4158 FETLRH
3 4700 T h% STRENGTH®X
1 4213 LFRINT "STRENGTH RA
TIOS" . .
4§i5 LFRINT "1=ULTIMKTE 4210 - 4305 sStrength ratio 1is
STRAINY: defined as the value of R in
4229 LFRINT ">1 IS SAFE"

4225 FOR I=1 TO NL 2 -1 =0
4333 LFRINT "LOADIHS “1 Gijei€5R + Gi&4R 1

3275 LFRINT “PLY"

4249 FOR P=1 TO HPLY
4745 1IF HPY=0 THEM 4345
4299 II=F:G0SUE 123

4795 w#=@tEH#=0

4260 FOR J=1 TO 2

4265 FOR K=1 TO 3

4270 A=A+ GCT,KIECT T
AECLL

4275 NEXT K

4709 E#=RE+SCIORECT T
4225 MEXT J

4290 AH=(-BH+SOR(E#*EH+4
TR (2408 )

4295 A=FIA(A#YIEd+, SO IE
Kl

4308 LFRINT FHDEG(T(R))s

, ThREV1AY 1A

x 4305 NEXT F, 1

! 4218 RETLRN

b 3400 HFCSTRATHSKK

4410 LFRINT TABC4)>:"LAMI

HETE STRATHS"

440 FOR N=1 TO ML

! 4473 LFFINT "LOADING “N

] 4443 LERIMNT USING "el=+#

f . BBRE- T SECH, 1D%1E3

b 4450 LFRINT USIHG "el2=+#

% . BHEE-OT"TECH, DIXLES

1 3468 LFRINT USING "eb=+#
. HHEE-DTUSECN, 2IH1EI

4465 HEXT H

- 4470 RETURNM
3 ke 40 7 kkg MATRI Mk
4 4519 L3
b 4628 LFRINT"Morm. Al in
i‘ GPa, "

4639 FOR I=1 TO 3

4549 FOR J=1 TO 3

A 4550 OCTL, D=ACL, T 1EY-T

EST

4660 NEXT J, 1

479 GOSUB 7990 24
4620 RETURN

e —— =~
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42800 A INUVERSE

), 4810 LFRINT"Comeliance
ﬁ (normalized)"

y 4322 LPRINT"in 1-TPa, "
“, 230 FOR I=1 TO 3

S 24@ FOR J=1 TO 3

i 4256 DCI,J)=AIC], JO*TEST
L «1E12

- ,.x 4859 NEXT J,1

.\ 4879 5OSUE 7080

i i 4339 RETURH

! 5002 LFRINT "Mater ial Pr

crerties”

S910 GETHEM-EX,EY, UK,ES, T
PLY, XT» VT, 50, "“C! 95- - M$
2815 LFRINT Mf

5828 LFRINT “EX=":EX:"GP
aIl

G038 LPRINT "EY="3EY:"5P

E ]

5046 LPRINT “ES="3;ES: "GP
3“

SE50 LFRINT "UN="3Ux
SEED LPRINT "X="31xT:"MFa

SO7@ LPRINT "X’ ="3;¥Ci“Mp

572 LFRINT "¥="3%T; "MPza
S874 LPRINT "% ="3yC; "HP
E]

SEHZ0 LPRINT "S="313%3"MPa

3893 LPRINT "Pla Thickre
ES I;TFL\I""III
5095 RETVIRM

€390 DATW 165,5E-5,. 1. 1E-
&.

-T*.

20 DATH Fl- rroperties

gLoads,Total thickrmss &
Fla ratics.Strenath

ratios

2138 DATG Laminate strai

ns, St ftreszs matriv,Come

liznce matrixPlgy ratio

ararh

A0 T FANCY

7O1a LFRINT " ——————

T T
TRII LFRINT USTHG " | #84,
#2001, 10, DNL,2),D01,3

TRIA AF="— +
———q"

To4a LPRINT Af

TE52 LPRINT USING " 448,
*#”“'[" 2 1'3[";'- 20 t)(‘.,:

ToeR LFFINT as$

7L B LFEFINT USING " |###,
# "0 1 00T, 2L 043 R
]

-\; F-

a3l LRFRINT et
— e B

a9 RETURM

25
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2090 LFRINT "#%Plw Ratio
Grarhts"
"Ulﬁ LPPINT "AMGLE"

’ ‘

o Z=0ICLS . ,
;oo FOR I=1 TG HPLY 8020 - 8080 Automatic scaling
v SoDyEHC LS TEST

e ."z F 2ol 2 THEN 2=x¢

; 1

g, S HERXT

S A DELTA=CINT(Z-. B2).1

.

B A=CINT(DELTA%X1008>
g Hj IF ACY20AHD. A YSOAN
et A3 159 THEM
1H-fFLTH+ A1:G0T0 867

g I=1 TO NPLY
(DY DELTA®LZ)+2

2110 II=CINTCRBSICOSCT .

i 4159“\\

IF 2<% THEN 3144

W3 FOR V—: TQ 15

Arh+TI* 16 L INEC2E R

- '~P€ET

nlh T K

LOCKTE . 1+411%2:PRI

C‘HG P RY S FNDEGCTC

CLOURTED. &

TOIF I1=1 THEN COPY:C

SR LAFINT TaBcdrs™y |
b0t I"LPRINT TH

”:" "LPRIHTUSING"
"TLELTH:LPRINT THE(

th"FL“ FaTIO"

200 FETURH

2063 FRINT'REVIEW DR HEW

Q10 THRPUT "DATA (F.H>“:
232

2023 IF As="R" THEH 2139
B3¢ FRINT"NHICH MATERIA
L"sPRINT "WILL YyOU*

“add INFLUT "REPLARCE (35
AR |

IASA IMPUT "EXN(GPar="3E4
THPUT "EV(GFa =" EY
THRPUT "="s 0
IMFUT “"ES(GFaz»=":ES
THRUT "Y(MPad="3¥
THFUT " (MPad="s K
THPUT *Y(MPa)=":!
INFUT "“’fMPaW-"'VV
IMPUT "SCMPaY="35
INFUT “THIFVNLST fm
)-"'TPLV

2149 THPUT "HAME 1S CHR
o MR T IME

|
i

[k R s DX HA K]
(2 I e NS XA BN N

MO D O D O s D D
—
DLWORIHRDINOD

- 3150 PUTRIEXEY.UES, T 9150 - Putt% is an HX-20 command
t Z&%F;’“ﬁ‘f%’?}ﬁ L to place a data string into a
% C E' 44 "R Y 0‘ n: . R .

9179 IF Ag="v" THEN 9009
9120 RETURN

2196 PRINT'REVIEW WHICH"
8  INFUT"MATERTAL (9-5)"3M
2200 GOCSLUESA00

%219 GOTO 9160

26
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2500 OPEN “I",#1,"CARS51:D
ATH"

9510 FOR 1=0 TD S

9520 INPUT #1,EX.E': W,
S TH X ¥s XX YYs S M$

3530 PUTHILEXEV,UXES.T
» 8 Y XX VY, S MS

9T4Q NEXT

9558 CLOSE #1

2%6e DELETE 43

o DEFFIL S5S,0

18 *+xSAUE RAM FILE

:_n OFEM 0", #L1, "CAST1:DAT
H"

D FOR I=@ TO S

48 GETXI~E:":' E'Y': U, ES, T-:'
s W M W S, ME

S8 FRINT #1,EX5EV I3 ESS
TrkeviERtvYs St

&0 HEXT

7@ CLOSE #1

N

9500 - 9550 Routine to read

RAM file data from tape called
immediately upon loading program
and has no further function

9560 - Line 45 reads GOTO 9500
and is not needed after data is
read

9570 - Routine used to load RAM
file onto a tape after program has
been stored. Usually placed in a
separate program area from main
program (using command LOGIN 2).
Only needed if additional tape
copies are being made.






